Amphetamine congeners [e.g., 3,4-methylenedioxymetamphetamine (MDMA), or "ecstasy"] are substrates for monoamine transporters (i.e., the transporters for serotonin, norepinephrine, and dopamine); however, their in vivo-action relies on their ability to promote monoamine efflux. The mechanistic basis for this counter transport remains enigmatic. We tested the hypothesis that outward transport is contingent on the oligomeric nature of neurotransmitter transporters by creating a concatemer of the serotonin transporter and the amphetamineresistant GABA transporter. In cells expressing the concatemer, amphetamine analogs promoted GABA efflux and blunted GABA influx. In contrast, the natural substrates serotonin and GABA only cause mutual inhibition of influx via the other transporter moiety in the concatemer. GABA efflux through the concatemer that was promoted by amphetamine analogs was blocked by the protein kinase C inhibitors GF109203X (bisindoylmaleimide I) and Gö 6983 (2-[1-(3-dimethylaminopropyl)-5-methoxyindol-3-yl]-3-(1H-indol-3-yl)maleimide). Thus, based on our observations, we propose that, in the presence of amphetamine analogs, monoamine transporters operate as counter-transporters; influx and efflux occur through separate but coupled moieties. Influx and efflux are coupled via changes in the ionic gradients, but these do not suffice to account for the action of amphetamines; the activity of a protein kinase C isoform provides a second stimulus that primes the inward facing conformation for outward transport.
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Several characteristics make the three monoamine transporters (for dopamine, serotonin/5-HT, and norepinephrine) of particular medical relevance. 1) Since their seminal discovery in the early 1960s (Axelrod et al., 1961) , the norepinephrine and serotonin transporters are considered the prime targets for the most effective antidepressant drugs, which act by blocking transport. 2) Cocaine, which also blocks the dopamine transporter, is notoriously abused for its euphoric and rewarding effects. 3) There is a polymorphism in the promoter region of the serotonin transporter (Lesch et al., 1996) ; persons that carry the short allele are predisposed to develop depression in response to stressful life events (Lesch et al., 1996; Caspi et al., 2003) . 4) A mutation in the norepinephrine transporter causes intracellular retention of the transporter (Hahn et al., 2003) and is associated with postural hypotension in people (Shannon et al., 2000) . 5) Finally, amphetamine ("speed") and its congeners, methamphetamine ("ice"), and 3,4-methylenedioxymetamphetamine (MDMA, or "ecstasy"), represent another class of compounds that are abused because of their psychoactive action, which is mediated by their effect on the three monoamine transporters.
Monoamine transporters belong to the superfamily of facilitated transporters. These exploit an ion gradient to translocate the substrate across the membrane bilayer (Henderson, 1993; Torres et al., 2003b) . Therefore, depending on the concentration gradients and the net driving force, they are capable of operating in two directions. A model that accounts for the reaction mechanism was formulated some 40 years ago (Jardetzky, 1966) and is referred to as the alternate access model: the transporter undergoes a cycle in which the substrate binding site is sequentially exposed; for inward cotransport, the binding site first faces outward to allow for binding of the cotransported ion(s) and substrate. A conformational change ensues that shields the substrate from the extracellular face; the substrate binding site is then accessible from the intracellular face and the cotransported ion(s) and substrate are released, which allows the transporter to adopt the outward-facing conformation. The inward-facing conformation of two bacterial transporters has been visualized with atomic resolution (Abramson et al., 2003; Huang et al., 2003) . In conjunction with earlier biochemical experiments, these structures suggest a "rock-and-switch" model that accounts for the conformational cycle: substrate binding is proposed to trigger the switch by lowering the energy barrier between the two conformations. However, the alternate access model does not explain a crucial feature of monoamine transporters: amphetamine analogs induce outward transport of neurotransmitters while they are transported into the cell. This is typically attributed to facilitated exchange diffusion (Fischer and Cho, 1979) : amphetamines are thought to induce the accumulation of inward-facing conformations of the transporters; these bind substrate (i.e., the respective neurotransmitter) and extrude it. There are many compelling reasons to question the alternating access model for neurotransmitter transport (Pifl and Singer, 1999; Sitte et al., 2001; Scholze et al., 2002; Adams and DeFelice, 2003) and specifically the model of facilitated exchange-diffusion (Pifl and Singer, 1999; Sitte et al., 2001 ). In the facilitated exchange diffusion model, for instance, it is not obvious why the inward-facing conformation binds and extrudes the neurotransmitter rather than the amphetamines; upon uptake of amphetamines, they must be present in high concentrations near the transporter. Thus, the locally accumulating amphetamines ought to compete efficiently with substrate for outward transport. We therefore surmised that 1) efflux and influx did not occur sequentially through a monomeric transporter but 2) that they were contemporaneous and thus 3) occurred through distinct moieties within an oligomeric transporter. We tested this hypothesis by creating a concatemer of the (amphetamine-sensitive) serotonin transporter and of the (amphetamine-resistant) GABA transporter. Our observations suggest that the reversal of the ionic gradient(s) does not suffice to support amphetamine-induced transport reversal and identify a prominent role of protein kinase C.
Materials and Methods
Generation of Constructs, Stable Transfection, Cell Culture, and Immunoblotting. Constructs were generated by polymerase chain reaction using appropriate primers (sequence available upon request) as described previously (Schmid et al., 2001; Scholze et al., 2002) . These articles also contain a comprehensive list of reagents and their sources. The integrity of the constructs was verified by automated fluorescent chain termination sequencing. The expression vectors were pECFP-C1 or pEYFP-C1 (BD Biosciences Clontech, Palo Alto, CA) which drive the mammalian expression of a fusion protein that comprises the protein of interest fused to cyan or yellow fluorescent protein. HEK293 cells were transfected using the calcium-phosphate coprecipitation method; stable cell clones were selected in the presence of G-418 (Geneticin). Stably transfected cell clones were assessed for binding of the serotonin transporter (SERT)
2.1]octane-2-carboxylic acid, methyl ester)). For comparative studies, clones were chosen that expressed similar levels of [ 3 H]␤-CIT binding. Electrophysiological experiments were carried out on cells that expressed hSERT in an inducible manner (T-RexTetOn; Invitrogen). The expression of cyan fluorescent protein (CFP)-or YFP-tagged proteins was also verified by immunoblotting. Membrane extracts were prepared from HEK293 cells expressing various constructs and from untransfected cells, electrophoretically resolved and transferred to polyvinylidene difluoride membranes. The membranes were probed with an antiserum directed against GFP (BD Biosciences Clontech), which recognizes all fluorescent protein variants (that is GFP, CFP, and YFP); the immunoreactive bands were visualized by using an anti-rabbit antibody conjugated with horseradish peroxidase (Amersham Biosciences, Piscataway, NJ) and enhanced chemiluminescence (reagents from Pierce Chemical, Rockford, IL).
Uptake, Superfusion, and Binding Experiments and Fluorescence Microscopy. The detailed procedures for uptake experiments with radioactively labeled substrates, for superfusion experiments, for binding studies, and for fluorescence microscopy including fluorescence resonance energy transfer (FRET) studies have been described previously (Schmid et al., 2001; Scholze et al., 2002) . Uptake of para-chloroamphetamine (PCA) was determined as follows: 5 ϫ 10 5 cells stably expressing SERT were incubated for 1 min at 22°C in Krebs-HEPES buffer (25 mM HEPES, pH adjusted to 7.5 with NaOH) containing 5 mM glucose and concentrations of PCA ranging from 1 to 30 M in the absence (total uptake) and presence of 1 M paroxetine (nonspecific uptake). Otherwise, nonspecific uptake by diffusion was defined by employing untransfected cells (which gave comparable results). After 1 min, the medium was aspirated and the cells were rapidly rinsed three times with 1 ml of ice-cold phosphate-buffered saline. Uptake experiments with radiolabeled [
3 H]serotonin were done in parallel using identical conditions (cells seeded in parallel, same incubation time and washing procedure). Thereafter, PCA was extracted from the cells by addition of 400 l of acetonitrile. After centrifugation, an aliquot (150 l) of the supernatant was spiked with internal standard (50 ng of amphetamine) and 6.25 g of dansyl chloride (Serva Feinbiochemika, Heidelberg, Germany) and mixed with 150 l of aqueous solution (pH 9.2; final concentration, 15 mM Na 2 HPO 4 ). After 20 min at 65°C, the samples were centrifuged to remove precipitated material; 150 l was injected into an HPLC system and resolved at a flow rate of 1 ml/min at 50°C (mobile phase, 1:1; 30 mM KH 2 PO 4 , pH 6:acetonitrile; column, Hewlett-Packard Hypersil MOS 200 ϫ 2.1 mm; fluorescence detection, Shimadzu RF-551; excitation and emission wavelength, 318 and 510 nm, respectively). The protein kinase C inhibitors GF109203X (bisindoylmaleimide I) and Gö6983 (2-[1-(3-dimethylaminopropyl)-5-methoxyindol-3-yl]-3-(1H-indol-3-yl)maleimide) were obtained from Calbiochem and were employed at 1 and 0.5 M, respectively.
Electrophysiological Experiments. Whole-cell patch-clamp recordings were done on T-Rex-TetOn cells stably expressing the wildtype hSERT under conditions described previously (Sitte et al., 1998) . In brief, the holding potential was Ϫ70 mV, the inner pipette solution contained KCl, inward (Na ϩ ) currents were elicited by superfusion of the cells with the indicated concentrations of serotonin (5-HT), PCA, 3,4-methylenedioxymetamphetamine (MDMA), and other analogs in the absence and presence of 1 M paroxetine.
Results and Discussion
Bell-Shaped Concentration Response Curve for Amphetamine-Induced Transport Reversal. In vivo, neurotransmitter transporters form constitutive oligomers (Hastrup et al., 2001 (Hastrup et al., , 2003 Schmid et al., 2001; Scholze et al., 2002; Sorkina et al., 2003; Torres et al., 2003a) . We hypothOligomer-Based Counter-Transport Model esized that the amphetamine-induced outward transport is contingent on the oligomeric nature of the transporter (Fig.  1A) ; amphetamine binding to one transporter moiety triggers the inward-facing conformation in the adjacent transporter molecule, which extrudes the intracellular substrate. In this model, if all transporters are liganded with amphetamine, transport reversal obviously ought to subside. Thus, this oligomer-based, counter-transport model predicts that amphetamine congeners induce transport reversal with a bellshaped concentration-response curve. We tested this prediction by employing HEK293 cells that stably expressed the serotonin transporter. The experiments depicted in Fig. 1 , B and C, were done with a construct in which the SERT moiety was tagged on its amino and carboxyl termini with cyan and yellow fluorescent protein, respectively (Just et al., 2004) . Thus the amino and carboxyl termini were not accessible, similar to the concatemer employed subsequently (see below). We stress, however, that similar results were obtained with an unmodified version of SERT (see also Schmid et al., 2001 
H]MPP
ϩ efflux returned to baseline levels (see also Fig. 1B , open symbols corresponding to superfusion with 1 mM PCA), similar to observations reported for rat hippocampal synaptosomes (Gobbi et al., 2002) . The bell-shaped concentration response curve was adequately fitted to an equation for the sum of two opposing processes according to the law of mass action, yielding EC 50 values of 0.6 Ϯ 0.2 and 87 Ϯ 12 M for the ascending and descending limbs, respectively. If the superfusion was switched to buffer (Fig. 1B , time ϭ 10 min), the effect of 3 M PCA gradually subsided as anticipated. By contrast, if PCA was employed at the high concentration of 1 mM, it failed to cause release. Switching to buffer (i.e., removal of PCA by superfusion) triggered a pronounced efflux of
Thus, a minimum occupancy of transporters by PCA was required to drive efflux, but full occupancy prevented efflux.
In 3 H]serotonin returned to baseline, and release was induced upon washout of PCA (Fig. 1D , open symbols), resulting in a bellshaped concentration-response curve (Fig. 1E ). In contrast, the natural substrate serotonin only promoted efflux of (Fig. 1F) . Therefore, the concentration-response curve for serotonin was monophasic (Fig. 1G) .
Biphasic concentration-response curves have also been noted for amphetamine and tyramine when tested on the noradrenaline release in the rat vas deferens, and these have been proposed to arise from the lipophilic nature of the compounds. Amphetamine may diffuse into the cell and compete for outward transport of noradrenaline (Langeloh et al., 1987) . However, the descending limb of the concentrationresponse curve was only seen at excessive concentrations (IC 50 Ն 1 mM; Langeloh et al., 1987) . We tested MDMA, a compound that is substantially more hydrophilic than PCA.
The logP values (HyperChem) are Ϫ0.32 and 1.07 for MDMA and PCA, respectively; in other words, MDMA is 20-fold more likely to be in the aqueous phase than PCA. Nevertheless, MDMA also failed to elicit release at high concentrations, and washout of MDMA resulted in release of [ 3 H]MPP ϩ (Fig.  1H) . Therefore, the concentration-response curve was adequately described by the sum of two opposing hyperbolas (Fig. 1I) ; the EC 50 values were 1.8 Ϯ 0.7 and 131 Ϯ 53 M for the ascending and descending limbs, respectively. Given that the EC 50 for the descending limb was within the range calculated for PCA, it seems unlikely that the bell-shaped nature of the concentration-response curve can be solely ascribed to the lipophilic nature of PCA. Finally, serotonin is also lipophilic, and at high concentrations, substantial amounts of serotonin can diffuse through the cell membrane Adams and DeFelice, 2003) . Thus, background diffusion per se cannot account for the difference between the action of serotonin and amphetamines.
We have assessed whether the difference between serotonin and PCA can be accounted for by differences in transport velocity ( Fig. 2A ) and in transport-associated current (Fig.  2D ). It is evident from Fig. 2A that the V max values for cellular uptake of serotonin and of PCA were comparable in magnitude (V max ϭ 351 Ϯ 27 and 390 Ϯ 77 pmol/min/10 6 cells and K M ϭ 3.7 Ϯ 0.9 and 5.0 Ϯ 2.9 M for serotonin and PCA, respectively). The intracellular water space of 10 6 HEK293 cells has been determined previously to be ϳ1.3 l ; thus, within a minute, PCA and serotonin accumulated to intracellular concentrations of ϳ300 and 270 M, respectively. The ability of compounds to promote outward transport is related to their capacity to induce a Na ϩ inward current through the dopamine transporter (Sitte et al., 1998; Khoshbouei et al., 2003) , and the resulting local accumulation of Na ϩ has been directly visualized in response to amphetamine (Khoshbouei et al., 2003) . The current traces depicted in Fig. 2B show representative related data for SERT: the inward (Na ϩ ) current observed in the presence of serotonin (purple trace) deactivated rapidly upon removal of the substrate. In contrast, the PCA-induced current (blue trace) faded slowly. This delayed deactivation was also seen with MDMA (yellow trace), albeit to a lesser extent. However, the currents measured in the presence of serotonin, MDMA, and PCA were similar in magnitude. D-Amphetamine has a lower affinity for SERT; therefore, the current induced by 10 M D-amphetamine (green trace) was lower in magnitude. Deactivation, however, was rapid. Thus, the rate of deactivation was not related to the lipophilic nature of the compounds (because D-amphetamine and PCA are substantially more lipophilic than MDMA).
Two conclusions can be drawn from these observations: 1) the bell-shaped concentration response-curve for PCA is in agreement with our double-barrel model depicted in Fig. 1A . Alternative explanations for the bell-shaped curve in Fig. 1C and the paradoxical efflux caused by superfusion with buffer ϩ as described for B. After three baseline fractions, at time ϭ 0 min, cells were exposed to 3 M (f) or 1 mM (Ⅺ) MDMA, and five fractions were collected. Then (time point indicated by arrow), the superfusion was switched to (MDMA-free) buffer (4 fractions). I summarizes the concentration response curves generated as shown in H. Data represent mean Ϯ S.E.M. of four to six independent experiments carried out in triplicate.
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at ASPET Journals on November 7, 2017 molpharm.aspetjournals.org (Fig. 1B) include the assumption that the increasing internal concentration of PCA may progressively compete with labeled substrate for internal binding and efflux, and this ought to result in a biphasic curve. However, this interpretation fails to explain why the concentration-response curve for serotonin is not bell-shaped. 2) The localized accumulation of Na ϩ on the intracellular side plays a crucial role in our model because it provides the driving force (Fig. 1A) . A rise in the internal Na ϩ concentration clearly cannot suffice to explain the differences between amphetamines and the natural substrate serotonin, because both PCA and serotonin are taken up at comparable rates and induce currents of similar size. The delayed deactivation of the current in the presence of PCA suggests a long-lasting modification of the transporter channel but cannot per se account for the difference in efflux.
Concatemerization of SERT and GAT-1. Our model (Fig. 1A) assumes that efflux and influx pathways are through separate transporter molecules that are contained within an oligomer. Thus, a monomeric transporter ought to be resistant to amphetamine-induced transport reversal. This prediction, however, cannot be tested because monomeric transporters are retained within the cell (Scholze et al., 2002; Sitte and Freissmuth, 2003) . As an alternative, we generated a transporter concatemer by fusing a monoamine transporter to a partner that was insensitive to the action of amphetamine analogs. Of the several combinations that were tried, only the concatemer (Fig. 3A, schematic rendering) composed of the SERT and of the GABA-tranporter-1 (GAT-1) mediated cellular uptake of substrates. The concatemer was tagged on its amino terminus with CFP, which afforded the visualization by fluorescence microscopy ( Fig.   Fig. 2 . A, saturation uptake curves of [ 3 H]5-HT and PCA in HEK293 cells that stably expressed the wild-type SERT. Uptake assays were performed in 35-mm tissue culture dishes at a cell density of 5 ϫ 10 5 cells per dish, seeded the day before the experiment. Cells were incubated in a final volume of 1 ml with the indicated concentrations of [ 3 H]5-HT (F) or PCA (f) for 1 min. Uptake was terminated by rapid removal of substrate-containing buffer and three rapid washes with ice-cold buffer. Nonspecific uptake (measured in the presence of 1 M paroxetine) was subtracted. In case of [ 3 H]5-HT, the remaining content of radiolabel was determined by cell lysis with 1% SDS and subsequent conventional scintillation counting. PCA-uptake was determined by HPLC as outlined under Materials and Methods. The symbols represent mean Ϯ S.E.M. of three and four experiments (for [ 3 H]5-HT and PCA, respectively) carried out in triplicate. The inset shows a representative example of PCA-uptake curves ([squares], total uptake; ‚, nonspecific uptake; and ƒ, resulting specific uptake). B, whole-cell patch-clamp recordings of a T-Rex-TetOn cell stably expressing the wild-type hSERT. The holding potential was Ϫ70 mV and the dotted line denotes the zero current; the solution used to fill the patch pipette contained KCl. 3B, right).In all other instances, concatemers were retained within the cell. As a control, we employed a dually tagged CFP-SERT-YFP, in which (similar to the SERT moiety in the concatemer) both the amino and carboxyl termini are masked by an additional protein. Nevertheless, CFP-SERT-YFP is also expressed at the cell surface (Fig. 2B, left) (for detailed characterization, see Just et al., 2004) . We verified by immunoblotting that CFP-SERT-GAT-1 was expressed as an intact protein. CFP-SERT-GAT-1 migrated as a broad band in the range of 150 to 160 kDa (Fig. 3C, lane A) , which is in a manner consistent with its glycoprotein nature and with its expected molecular weight. This band was absent in untransfected cells (lane B) and comparable in size to a concatemer formed by YFP fused to two GAT-1 moieties (lane E). It was noteworthy that lane A did not contain any additional immunoreactive material in the range where YFP-GAT-1 (compare lane D) or a fragment comprising the first six transmembrane helices of the SERT fused to YFP (compare lane C) or YFP (ϳ30 kDa) migrated. Thus, the vast majority of the concatemer was expressed as an intact fusion protein. Neurotransmitter transporters exist in oligomeric complexes of higher order, the minimum size being a tetramer (Hastrup et al., 2003; Just et al., 2004) . Despite the steric hindrance, a concatemer ought to still allow for the formation of a tetrameric structure (i.e., a dimer of dimers). This conjecture was tested for the SERT moiety by employing CFP-and YFP-tagged versions of the concatemer. The oligomeric nature of the concatemers was directly visualized in living cells using FRET (Fig. 3D) . It is not possible to carry out a similar experiment with the GAT-1 moiety, because GAT-1 does not tolerate a tag on the carboxyl terminus; an intact free carboxyl terminus is required for export of GAT-1 from the Fig. 3 . A, schematic rendering of the CFP-SERT-GAT-1 concatemer consisting of the hSERT and the rat GAT-1 tagged with CFP at the N terminus of the hSERT. B, visualization of transporter molecules by fluorescence microscopy. HEK293 cells were transfected with a vector coding for CFP-SERT-YFP (left) or for CFP-SERT-GAT-1 (right). The next day, the fluorescent proteins were visualized (63ϫ, oil immersion) using a CFP filter set (wavelengths: for excitation, 440 nm; dichroic mirror, 455 nm; emission, 480 nm). Images are representative of two to five transfections each (with 5 to 12 images/transfection). C, detection of CFP-or YFP-tagged transporters by immunoblotting. Membrane extracts (30 g/lane) were prepared from HEK293 cells expressing CFP-SERT-GAT-1 (A), untransfected HEK293 cells (B), a carboxyl terminal fragment comprising the first six transmembrane helices of SERT fused to CFP (C), YFP-GAT-1 (D), and the concatemer YFP-GAT-1-GAT-1 (E), electrophoretically resolved and transferred to polyvinylidene difluoride membranes that were probed with an antiserum directed against GFP; the immunoreactive bands were visualized with the use of enhanced chemoluminescence. Two additional experiments gave similar results. D, donor photobleaching curves for CFP-SERT-GAT-1 in the absence and presence of YFP-SERT-GAT-1. The lifetime of fluorescence was determined in cells that expressed only the donor CFP-SERT-GAT-1 (F) or the donor (i.e., CFP-SERT-GAT-1) and the acceptor YFP-SERT-GAT-1 (E). The procedures of FRET microscopy (including filter sets and lamp intensity for bleaching, image capture, and digitization as well as quantification by the MetaFluor Software package) are described in detail elsewhere (Scholze et al., 2002) . Donor fluorescence decay curves were recorded over nine different cells, normalized to the fluorescence recorded at time ϭ 0 and averaged; error bars indicate S.D. Time constants for HEK293 cells transfected with CFP-SERT-GAT-1 ( ϭ 14.3 Ϯ 2.2 s) and cotransfected (CFP-SERT-GAT-1 ϩ YFP-SERT-GAT-1) HEK293 cells ( ϭ 20.5 Ϯ 5.6 s) were significantly different (p Ͻ 0.01; t test for unpaired data). E, HEK293 cells were transiently transfected with YFP-tagged wild-type SEGA (YFP-SEGA-wt, red) and CFP-tagged SEGA lacking the last 48 amino acids (CFP-SEGA-d48, green). The fluorophores were visualized 24 h later using the appropriate filter sets. Both images were overlaid using the MetaMorph software.
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at ASPET Journals on November 7, 2017 molpharm.aspetjournals.org endoplasmic reticulum (Farhan et al., 2004) . As an alternative, we therefore used a retention assay; if the carboxyl terminus of GAT-1 is removed, the resulting truncated transporter acts in a dominant-negative manner by retaining the wild-type transporter in the endoplasmic reticulum (Farhan et al., 2004) . Hence, we created a CFP-SERT-GAT-1 in which the entire carboxyl terminus was removed (Fig. 3E , CFP-SEGA-d48) and coexpressed this protein with YFP-tagged SERT-GAT-1; as is evident from Fig. 3E , middle, the truncated concatemer was retained within the cell and, most importantly, efficiently prevented the intact concatemer from reaching the cell surface ( Fig. 3E, left; the right shows the optical overlay that documents a perfect colocalization). We therefore conclude that each moiety in the concatemer can form contacts with its counterpart in a neighboring concatemer; in other words, the concatemers form dimers (and possibly larger complexes). However, we stress that we do not have any evidence for a direct interaction (or conformational coupling) between SERT and GAT1 in this concatemer.
The pharmacological characterization showed that the fusion of the two transporters did not substantially alter the functional properties of each individual moiety; this was evaluated by uptake of Fig. 4C ; B max ϭ 1.4 Ϯ 0.1 and 1.5 Ϯ 0.1 pmol/mg; K D ϭ 0.8 Ϯ 0.1 and 1.9 Ϯ 0.4 nM for CFP-SERT-YFP and CFP-SERT-GAT-1, respectively). A modest (ϳ 2-fold) reduction in affinity was also seen in inhibition experiments (uptake and binding challenged by various substrates and blockers; data not shown).
Influx of Na ؉ and Cross-Inhibition of GAT-1. SERT and GAT-1 differ in their Na ϩ requirement; first, one Na ϩ ion is thought to be cotransported with serotonin by SERT, whereas GABA uptake is associated with the uptake of two Na ϩ ions (Rudnick, 1998; Chen et al., 2004) . Second, GAT-1-dependent uptake requires higher concentrations of extracellular Na ϩ . This was also seen in the concatemer (Fig. 5) , with half-maximum stimulation occurring at 15 Ϯ 8 and Ͼ54 Ϯ 10 mM extracellular Na ϩ for SERT and GAT-1, respectively. We stress that the curve in Fig. 5 covers only the range up to 100 mM NaCl to illustrate the difference between the SERT and GAT-1 moiety. However, it was evident that 150 mM NaCl did not suffice to saturate GAT-1 (data not shown); thus, the EC 50 of Ͼ54 Ϯ 10 mM is only a rough estimate. It is noteworthy that these affinity estimates were comparable with those obtained with the wild-type versions of SERT and GAT-1 (data not shown). Thus, each transporter moiety in the concatemer seemed to function independently. This conclusion was also reached in the characterization of a concatemer comprising SERT and the noradrenaline transporter (Horschitz et al., 2003) . The localized accumulation of Na ϩ on the intracellular side plays a crucial role in our model because it provides the driving force (Fig. 1A) . Thus, because of Nonspecific uptake (measured in the presence of 10 M tiagabine and 1 M paroxetine for the GAT and SERT moieties, respectively) was less than 10% and was subtracted. The symbols represent mean Ϯ S.E.M. of four experiments carried out in triplicate. C, comparative radioligand binding studies to CFP-SERT-YFP and CFP-SERT-GAT-1. Saturation curves for binding of [
2.1]octane-2-carboxylic acid, methyl ester)). Membranes (30 g) prepared from HEK293 cells stably expressing CFP-SERT-GAT-1 (f) or CFP-SERT-YFP (OE) were incubated with the indicated concentrations of [ the concomitant pronounced influx of Na ϩ through the SERT moiety (Fig. 2B, current traces) -and the ensuing local accumulation of Na ϩ (Khoshbouei et al., 2003) , which diminishes the driving force-we expected amphetamine congeners and serotonin to blunt [ 3 H]GABA uptake by the GAT-1 moiety of the concatemer; by analogy, the presence of GABA is expected to inhibit uptake of serotonin. These predictions have been verified: 1) GABA decreased the maximum velocity (V max ) of serotonin uptake by about 50% (Fig. 5B, K M ϭ 3 .8 Ϯ 0.8 and 2.6 Ϯ 0.8 M; V max ϭ 238 Ϯ 13 and 118 Ϯ 13 pmol/min/10 Ϫ6 cells in the absence and presence of 10 M GABA, respectively). 2) Likewise, the maximum velocity of [ 3 H]GABA influx was reduced by PCA ( Fig. 4C; K 
Ϫ6 cells in the absence and presence of 10 M PCA, respectively) and serotonin ( Fig. 5D; K that solely expressed YFP-GAT-1, the amphetamine analogs had no effect on [ 3 H]GABA uptake (shown for PCA in Fig. 5E , Ⅺ). Finally, in cells that had been transfected to coexpress SERT and GAT1 as unfused, separate moieties, PCA (Fig.  5F , Ⅺ) and MDMA (Fig. 5F, ‚) caused only a modest inhibition (by ϳ10% at 10 M). Likewise (and in contrast to cells expressing the concatemer), in these cotransfected cells, GABA did not inhibit influx of [ values. This indicates that a low occupancy of the transporter suffices to elicit Na ϩ influx. This interpretation is consistent with the fact that charge movement through the transporter is larger than predicted for a stoichiometrically coupled cotransport (Adams and DeFelice, 2003) .
PCA Induces Counter-Transport of GABA in the Concatemer. Because PCA, MDMA, and serotonin blunted [ 3 H]GABA uptake by the concatemer, it was safe to conclude that the local accumulation of Na ϩ (Khoshbouei et al., 2003) was sufficient in magnitude to be sensed by the GAT-1- moiety despite its low affinity for sodium (compare Fig. 4A ). Our oligomer-based counter-transport model (Fig. 1A) (Fig.  6A, f) ; this release was not further augmented by raising the concentration of PCA to 1 mM (Fig. 6A, OE) , displaying a concentration-response curve that was adequately described by a rectangular hyperbola based on the law of mass action ( Fig. 6C ; EC 50 ϭ 0.9 Ϯ 0.5 M). PCA-induced [ 3 H]GABA efflux was blocked by the GAT-1 inhibitor tiagabine (Fig. 6A,  Ⅺ) . Analogous observations were made with MDMA; finally, [ 3 H]GABA efflux was not observed in the presence of serotonin (Fig. 6B) .
PCA also caused efflux of [ 3 H]MPP ϩ from preloaded cells that expressed the concatemer ( Fig. 5C ; 3 M PCA, f). Its effects were qualitatively similar to those seen in cells expressing the wild-type version of SERT [that is, 1) outward transport of [ 3 H]MPP ϩ was lower at 1 mM than at 3 M PCA (Fig. 5C , compare Ⅺ and f) and 2) the concentration-response curve was bell-shaped (EC 50 ϭ 0.3 Ϯ 0.1 and 46 Ϯ 17 M for the ascending and descending limbs, respectively; compare Fig. 1 , B and C, and ϩ efflux through the concatemer because the dimeric partner is a GAT-1 moiety. The fact that PCA did nevertheless induce transport reversal also in the SERT moiety may best be explained by the fact that the concatemer also exists as an oligomeric complex (see Fig. 3, D Fig. 4 ) and supported comparable influx rates. The steric constraints imposed on an oligomeric concatemer allows us to rationalize the lower maximal efflux that PCA elicits through the SERT moiety of the concatemer. Upon PCA-induced Na ϩ -influx, there are fewer transporters available to adopt the inward-facing conformation and extrude the substrate; that is, if one assumes the transporters to be tetramers, at 50% occupancy, there would be two transporters available to extrude substrate in wild-type SERT but only one in the concatemer. Na ϩ is dispensable for binding of amphetamine (Schwartz et al., 2003) , but Na ϩ influx plays a critical role in providing the driving force (Rudnick, 1998; Chen et al., 2004) for transport reversal. However, the transporter that has amphetamine bound is unavailable for outward transport. Thus, based on the available data, we conclude that the action of amphetamine analogs is contingent on a separate influx and efflux pathway, which are contained within an oligomer. It is surprising that we have been unable to detect any outward transport of [ Fig. 1B . During the preloading and washout period, the cover slips were incubated in the absence (filled symbols, A-C) or presence of 1 M GF109203X (open symbols, A and C) or 0.5 M GÖ 6983 (Ⅺ, B) and throughout the whole experiment to inhibit protein kinase C. A and B, after three baseline fractions, cells were exposed to PCA (3 M; ࡗ, छ) for five fractions. C, after three baseline fractions, cells were exposed to either GABA (1 mM; f, Ⅺ) or PCA (1 mM; OE, ‚). The symbols represent means Ϯ S.E.M. of three independent experiments carried out in triplicate; *, p Ͻ 0.05; **, p Ͻ Ͻ0.01 compared with the corresponding control. curve, where inhibition is absent at high serotonin concentrations (i.e., 1 mM; see Fig. 1G ). In fact, it is worth noting that a substantially higher occupancy (EC 50 for serotonin ϳ 10 M; see Fig. 1G ) is needed to favor the accumulation of inward-facing conformations than with amphetamines (EC 50 for PCA ϳ 0.6 M; see Fig. 1C ) despite their comparable affinities for SERT (the K M for uptake and K i for inhibition of ␤-CIT binding ϳ 2 to 3 M for both PCA and serotonin). Substantially higher local intracellular sodium concentration can be expected at serotonin concentrations that elicit substrate efflux than with the amphetamines. Thus, when challenged by external serotonin, SERT must apparently operate in a sequential counter-transport mode, because reverse transport is seen only at concentrations approaching full occupancy (Fig. 8B) . Consistent with this interpretation that serotonin-dependent efflux relies on sequential rather than concomitant counter-transport, serotonin fails to induce release of [ 3 H]GABA through the concatemer (Fig. 6B) , although serotonin does inhibit the influx of [ 3 H]GABA through the concatemer (Fig. 5, D and E) . We propose that the crucial switch between concomitant and sequential counter-transport is provided by protein kinase C activation.
Transport of substrate per se precludes phosphorylation of SERT (Ramamoorthy and Blakely, 1999; Whitworth et al., 2002) . In contrast to serotonin, addition of PCA and MDMA (and other amphetamines) results in activation of PKC (Giambalvo, 1992a,b; Kramer et al., 1998; Giambalvo et al., 2003) . If we assumed that PCA and other amphetamines induced release via a sequential mode, it would be difficult to explain the difference between serotonin and the amphetamines, in particular why PCA and MDMA-but not serotonin-have bellshaped concentration-response curves and why they cause release of [ 3 H]GABA through the concatemer.
